Countries are implementing policies to develop greener energy markets worldwide. In Europe, the¨2030 Energy and Climate Package¨asks for further reductions of green house gases, renewable sources integration, and energy efficiency targets. But the polluting intensity of electricity may be different in average than when considering market inefficiencies, in particular losses, and therefore the implemented policy must take those differences into account. Precisely, herein we study the importance in terms of CO2 emissions the extra amount of energy necessary to cover losses. With this purpose we use Spanish market and system data with hourly frequency from 2011 to 2013. Our results show that indeed electricity losses significantly explain CO2 emissions, with a higher CO2 emissions rate when covering losses than the average rate of the system. Additionally, we find that the market closing technologies used to cover losses have a positive and significant impact on CO2 emissions: when polluting technologies (coal or combined cycle) close the market, the impact of losses on CO2 emissions is high compared to the rest of technologies (combined heat and power, renewables or hydropower). To the light of these results we make some policy recommendations to reduce the impact of losses on CO2 emissions.
Introduction
According to IPCC estimations, the power sector has the highest contribution to green house gases (GHGs): 25% emissions were related to the electricity and the heat production in 2010.
1 Indeed, most regulatory efforts in terms of emission reduction around the world are mainly focused in power generation. 2 In Europe, 1453 combined heat and power (CHP) generation plants have participated in the European Union Emission Trading Scheme (EU ETS), which is the regulatory instrument put in place by the European Commission (EC) in 2005 to cap CO2 emissions in line with the Kyoto Protocol targets (Berghmans and Alberola, 2013) . In October 2014, the "2030 Energy and Climate Package" 3 has pushed forward the clean generation incentives by 2030:
40% cut in GHG emissions, 27% of energy from renewable sources and 27% improvement in energy efficiency. This Package is the ambitious development of its predecessor, the "2020 Energy and Climate package" enacted in 2009 by the EC pledging for: 20% cut in GHG emissions, 20% of energy from RES-E and 20% improvement in energy efficiency.
4
As stated by Guivarch and Monjon (2016), a low-carbon future world compromises energy security in Europe and is related to uncertainty regarding new technologies, fossil fuel resources, markets and economic growth. In fact, electricity systems are undergoing significant changes, mainly due to: the penetration of new renewable sources of electricity (RES-E) in the generation mix; the introduction of the information and communications technology (ICT) to monitor and grid control; the wide installation of smart meters at end-consumers, which empowers them through the implementation of demand side management (DSM) policies as well as electric vehicles (EV).
The incentives implemented in most European countries to promote RES-E are helping replace the traditional most polluting technologies (coal and fuel) by non-polluting generation plants: solar, wind, geothermal, etc. This has been accompanied by the wide-connection of numerous small generation plants or distributed generation (DG). The important penetration of DG has modified the traditional top-down energy flows (Ackermann et al., 2001) .
5 This is the case because energy is now generated closer to consumption, which directly reduces losses. The other aforementioned changes may also affect losses: ITC technologies allow the distribution system operators (DSOs) to operate the grid more efficiently and to optimize losses; DSM policies aim to delay peak consumption to off-peak hours in order to reduce grid congestion and their correspondent losses; and EV are expected to better integrate RES and consumption, which also reduce congestion. In the end, losses represent an extra amount of energy that must be generated in the electricity systems affecting economic efficiency and, depending on how this extra energy is produced, CO2 emissions. Recent literature on losses has mainly focused on the analysis of demand (DSM) and supply policies (DG/RES-E). On the one side, DSM calls on various techniques to obtain a better performance of the infrastructure, reduce the congestion problems, adapt demand to the capacity of generation at each moment in time, and reduce losses (Strbac, 2008) . The slightly small potential impacts of DSM on the loss reduction are shown by Shaw et al. (2009); Costa-Campi et al. (2016) .
On the other side, the impact of DG on losses is based in their location, operation and hourly production. The decarbonisation of the electricity sector involves reconfiguring spatial patterns and potential changes in the location of the key energy system components (Bridge et al., 2013) . Indeed, an argument to justify DG is that losses related to their use are expected to be lower because the distance to consumers is also lower. However, given that losses follow a U-shape trajectory with the degree of penetration of DG (Quezada et al., 2006; Delfanti et al., 2013) , unwanted effects might counterbalance their potential benefits. This trade-off was empirically proved in the Spanish case, where solar and wind perform better in terms of losses than the rest of traditional technologies, but the opposite is true for CHP since its production profile is quite flat and not well correlated with demand (Costa-Campi et al., 2016) .
In relation to the CO2 impact of the operation of electricity power systems, numerous papers have made contributions in different directions Ummel (2012). calculates the CO2 impact of electricity production by plant worldwide, giving birth to the Carbon Monitoring for Action (CARMA) database, 6 Marriott et al., 2010 simulate CO2 scenarios using alternative energy mixes in the U. S. and Feng et al. (2009) estimate the CO2 content of regional energy consumption in China. More recently, the attention has shifted to the air pollution avoided due to renewable installation and the evaluation of the subsidy costs with respect the decrease of social damage due to pollution reduction. Using data from the Electric Reliability Council of Texas (ERCOT) market Novan (2015) , introduces the analysis of the external benefits due to renewables, which consists on the avoided CO2 emissions related to each technology when the time of production and the whole generation mix are considered. He states that renewable subsidies should provide more financial support to investments that provide larger external benefits on the pollution, instead of the current homogeneous policies (see also Cullen, 2013, and Kaffine et al., 2013) . Finally, the papers closest to ours are the ones that consider the CO2 impact of the system efficiency. This is the case of Amor et al. (2014) that documents the impact of congestion on CO2 emissions and Stoll et al. (2014) that study the impact of DSM policies by calculating an hourly CO2 signal applied to the hourly electricity market data in Great Britain, Ontario and Sweden. They find that load shifts from high-price to low-price hours results in carbon emission reductions, especially where price and CO2 intensity are positively correlated. The previous literature review underlines the contrasted impact that electricity market design has on CO2 emissions. Additionally, a stylized fact in electricity markets is that, when extra generation is needed, fossil fuels are often used on account of their flexibility (in the absence of storage possibilities) increasing the CO2 content of the energy mix. That extra generation may also be needed due to positive shocks in demand, congestion or losses in the grids. To the best of our knowledge, the impact of electricity losses in CO2 emissions has not been studied yet, which is our objective here. The paper closest to our argument is Lindner et al. (2013) , where they compare the CO2 content of generation versus consumption among different regions in China. Hydroelectric plants are sited in the southwest, coal plants (60% of CO2 Chinese emissions in 2010) in the north and northwest, while the growing electricity demand is in the eastern coast. They use a bottomup model to quantify the emissions embodied in the inter-provincial flows, and find a shift of environmental pollution away from economically well-off provinces to resource-rich, and less developed provinces. Although their study highlights regional flows, they do not consider losses as a parameter in their estimations, which is also presumably significant in terms of CO2 impact. Our approach is different because we study the country as a whole to focus on the understanding of the relation between losses and the system CO2 emissions.
Herein we assess the CO2 impact through losses. With this purpose, we empirically estimate the CO2 content of power generation as a function of the transmission and distribution losses using Spanish hourly data from 2011 to 2013. In particular, we study how the extra amount of energy required to cover losses is affecting the CO2 emissions in the electric system by looking at the marginal technologies that close the market. We consider Spain because, among the five biggest economies of Europe, it had the highest share of energy generated by RES-E in 2013 (36.39%) European countries like Portugal and United Kingdom are in a close range with 10% and 8% losses, respectively, while the highest level of losses can be attributed to Croatia and Lithuania with 18% and 19%, respectively. Our results are not only be useful for Spain, but a reference for countries that are in an earlier stage in the implementation of energy transition measures with similar levels of RES-E penetration and/or similar or higher system losses. In this sense, our paper contributes to the evaluation of the energy and climate policy imposed on the power sector through losses. The rest of this article is organized as follows. In Section 2 we describe the data, emphasizing the relationship between system losses and CO2 emissions. Section 3 details our empirical strategy while Section 4 includes the empirical test on the system losses contribution to the system CO2 emissions. Section 5 concludes and draws some policy implications.
Data description
In this section we present a detailed description of the hourly data over the three-years period (2011) (2012) (2013) used to perform the empirical
